The results of an extensive set of molecular dynamics simulations of the SPC/E water model are described. The states examined cover a range of densities from greater than ambient at 1200 kg/m3 to states near the critical density at 300 kg/m3 and over a range of temperatures from 297 K to 823 K. The emphasis is on hydrogen bonding measures and how these measures vary with density and temperature. The mean number of bonds per molecule, the distribution of the lifetimes of the bonds and the size of hydrogen bonded clusters are reported.
Introduction
This paper describes the results of a model study of hydrogen bonding in water over a wide range of temperatures and densities. The model was examined using molecular dynamics simulations. This study was designed to examine the changes that occur in the hydrogen bonding of water molecules as the temperature and the density of the fluid are varied. The emphasis here is on water at elevated temperatures and at densities that vary from superpressed, 1200 kg/m3, to ambient, 1000 kg/m3, down to 300 kg/m3 just below the critical density since significant changes in hydrogen bonding occur in the model over this range of thermodynamic states. These states are typically high pressure states. Molecular dynamics simulations1 provide a means for examining features of liquids under conditions that are difficult to realize in the laboratory and/or that are not directly accessible to experimental probes. The simulation work reported here illustrates both of these aspects of simulations.
The simulations were performed using the SPC/E model2 for water-water interactions that is described briefly in Section 2. This three site model provides property predictions that are in qualitative accord with experimental results over the range of interest. In particular, the liquid side of the liquifl-vapor coexistence curve is determined with surprising accuracy as are the values of the critical temperature and density. 3, 4 This gives us some confidence that the calculated trends in hydrogen bonding noted with changes in density and temperature will reflect those that occur in liquid water. The correspondence with water will be imperfect, but the overall "picture" should be reliable, at least for densities greater than the critical density.
Section 2 contains a description of the technical details of the simulations, including the "definition" of a hydrogen bond. The SPC/E model is described along with the simulation methodology. The pressure, internal energy, self-diffusion coefficients, the number of hydrogen bonds per molecule, and the average time required for a single molecule dipole moment to reorient are introduced. Some other quantities that shed additional light on the changes that occur in the hydrogen bonding as the density and temperature vary are also mentioned. In particular, the distributions of the lifetimes of hydrogen bonds and the sizes of A number of quantities are monitored during each simulation, including the energy, the pressure determined using the intermolecular virial formulation16,17, the intermolecular site-site pair correlation functions, and several features of hydrogen bonds. The oxygen-oxygen pair function, goo(r), is used to determine size of the neighborhood around a given molecule that contains four near neighbor molecules. To determine this size, we first construct the coordination number, N(R), as a function of the distance from a given molecule;
where n is the number density of molecules in the fluid. Then we define a quantity, R4 such that N(R4)=4 is satisfied. We find that R4 is insensitive to the temperature, at high density has a value of about 0.32 nm, and that significant departures from this value are associated with large scale changes in local structure. and the constant C is detemined by the condition fN(25)+ fNB(25)=2. For all states examined in this study, no bonds persisted for as long as 25 Ps.
At the same time as the lifetime information is collected, a second quantity is determined. This is the size distribution of hydrogen bonded clusters. Such a cluster is defined as follows. 21 If two molecules are hydrogen bonded, they are members of a specific hydrogen bonded cluster. Given the fact that the state of hydrogen bonding is known a some instant, it is a straightforward sorting process to determine the number of distinct hydrogen bonded clusters and how many molecules are in each cluster. The quantity NN(N) is proportional to the average number of molecules contained in clusters of size N. It is convenient to convert this quantity into a density by normalizing it so that
With this definition, the mean number of molecules in a cluster is
The interesting quantity is the mass weighted distribution of cluster size as a function of f =N/Ntotal, the fraction of the total number of molecules in a cluster,
The analysis of cluster sizes is made every 0.1 ps during each simulation.
Further details about these simulations may be found elsewhere. 22 
Discussion
There are four distinct regions of the temperature-density plane to be discussed. In each region we examine the number of hydrogen bonds/molecule, NB, the distribution of the lifetimes of hydrogen bonds, fB(t), the mass weighted size distribution of hydrogen bonded clusters, Pc(n), and the nature of the short-range order in the liquid.
First, we examine the low temperature, high density region. This is the set of states on the 297 K isotherm over the density interval from 997 kg/m3 to 1200 kg/m3. The striking feature of this region is the crowding together of molecules as the density is increased. The shoulder that develops on the outer side of the principal maximum of goo(r) as shown in Fig. 2 is indicative of this. The value of R4 remains roughly constant suggesting that the inherent 4-fold coordination of the water molecules is maintained. This sort of behavior was noted by Madura, et al. 23 for a different potential model (TIP4P)24. The second region examined is the 297 K to 673 K portion of 997 kg/m3 isochore. This is a region where significant changes in hydrogen bonding occur. The number of bonds/molecule decreases smoothly, the self-diffusion coefficient increases rapidly and the dipole reorientation time decreases rapidly.
The striking change is in the distribution of the lifetimes of the bonds shown in Fig. 3 . As the temperature increases, the shape of this curve changes fairly rapidly between 400 K and 573 K. It is in this region that the maximum lifetime of a bond drops to about 1 ps. Fig. 3 . The temperature dependence of the distribution of the lifetimes of hydrogen bonds on the the 997 kg/m3 isochore from 297 K to 673 K is shown here. The lower set of curves is the distribution of the lifetimes on the nonbonded condition for hydrogen sites. The lower set increase upward in temperature starting with the solid line for 297K, and moving upward through 350K , 400 K, 430K, 573K, to the long-short dashed line for 673K .
In this same temperature interval the short range order undergoes a significant change. The decrease in the number of hydrogen bonds is associated with the decrease in the height of the first maximum in goH(r). This feature also becomes effectively broader as the temperature increases. The position of the second maximum in goo(r) shifts from 0.45 nm to 0.6 nm. This change indicates that the tetrahedral coordination no longer persists to the second neighbor distance. R4 remains unchanged so the first neighbor coordination is maintained.
It should be noted that over this temperature interval the mass weighted distribution of cluster sizes, Pc (n), remains concentrated at the high end of the size scale. The majority of the molecules continue to be in one large hydrogen bonded cluster.
The changes in the pair functions can be roughly compared with the corresponding experimental quantities.25 Curves I and 2 of Figs. 2-4 in Ref. 25 are neutron scattering based estimates of the site-site pair functions at 997 kg/m3 and at 298 K and 423 K respectively. There is qualitative agreement between the experimental pair functions and those shown in Fig. 4 . In particular, the change in the second maximum in goo(r) and the weakening of the hydrogen bonding signature in goo(r) with increasing temperature found in the simulation results are present in the experimental pair functions. Fig. 4 . The temperature variation of the oxygen-oxygen and oxygen-hydrogen pair functions along the 997 kg/m3 isochore from 297 K to 673 K is illustrated here. The oxygen-oxygen functions are offset by 0.5 for clarity starting with the solid line for 297 K, and moving upward through 350 K, 400 K, 430 K, 573 K, to the long-short dashed line for 673 K. The oxygenhydrogen functions are superimposed to emphasize the strong variation with temperature of the hydrogen bond signature.
The third region contains the isotherms, 573 K and 673 K over the density interval 997 kg/m3 down to 600 kg/m3. Fig. 5 shows the variation of the number of hydrogen bands and the variation of R4 with decreasing density. The drop in the number of hydrogen bonds with decreasing density matches the rise in R4. This change in R4 is not reflected in the self-diffusion coefficient. This is due The increase in R4 suggests that changes are occuring in the short range correlation of the molecules. However, if one takes a larger scale view, something interesting emerges. The evolution of this distribution of cluster sizes, Pc, along the 673 K isotherm as the density is varied from 997 kg/m3 to 600 kg/m3 is shown in Fig. 6 . Here we see that the hydrogen bonded cluster size drops rapidly with decreasing density at this temperature. Instead of basically one cluster with a few non-bonded molecules found at high density, the distribution of cluster sizes becomes very broad with no single size dominating. That this change correlates with the changes in R4 is quite interesting. The transition from a hydrogen bond network that includes most of the molecules to a collection of much smaller, disjoint clusters, has an experimentally observable consequence. Fig. 7 . There is qualitative agreement with the neutron scattering based pair functions for densities greater than 700 kg/m3. A discrepancy occurs between the simulations and the experimental goH(r) for lower densities. The experimentally derived function has the hydrogen bond signature reduced to a shoulder while the simulation function is insensitive to changes in the density. The experimental result suggests that a major breakdown of hydrogen bonding occurs over a narrow density interval while the model results do not indicate such a change. In this region the lifetime of the nonbonded hydrogen is longer than that of the hydrogen bond.
An interesting development is how the oxygen-oxygen pair function changes as the density decreases from 600 kg/m3 to 300 kg/m3. In general, the value of R4 increases as the density decreases. Fig. 9 , displays the oxygen-oxygen and oxygenhydrogen pair functions. The height of the first maximum for both functions increases with decreasing density. This means that short range order is increasing at the expense of longer range structure. A visual comparison of a configuration at 600 kg/m3 with one of a configuration at 300 kg/m3 makes it evident that the fluid is becoming inhomogeneous over a distance spanned by a few molecules so physical clustering is developing on the molecular length scale. The increase in the first maximum in goo(r) with decreasing density is a signature of this effect of physical clustering. This clustering is necessarily a transient in the sense that the fluid is homogeneous when examined over a sufficiently long time interval. The existence of clusters in expanded water has been suggested on the basis of simulations29 and from an analysis of X-ray diffraction data.30 A similar clustering takes place in the Lennard-Jones fluid and in the Stockmayer fluid for slightly supercritical temperatures.22 . Oxygen-oxygen and oxygen-hydrogen pair functions for the 673 K isotherm in Region 4. The solid line is the 500 kg/m3 state, the short dash line is for the 400 kg/m3, and the long dash line is for the 300 kg/m3 state.
